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Abstract
Reproductive success and development of F2 oﬀspring from F1 adult African clawed frogs (Xenopus laevis) exposed to atrazine
throughout larval development and as sexually mature adults was examined. Larval X. laevis were exposed to one of four nominal con-
centrations of atrazine (0, 1, 10, 25 lg atrazine/l) beginning 96 hr after fertilization and continuing through two years post-metamorpho-
sis. Clutch size and survival of oﬀspring were used as measurement endpoints to gauge reproductive success of the F1 frogs. Larval
survivorship and time to metamorphosis were used to gauge developmental success of the F2 oﬀspring from atrazine-exposed frogs. Tes-
tes in F1 and F2 frogs were examined for incidence of anomalies, such as testicular ovarian follicles, and sex ratios in F2 oﬀspring were
investigated to determine if exposure to atrazine caused trans-generational eﬀects (eﬀects on F2 individuals due to exposure of F1 indi-
viduals). There were no eﬀects of any of the studied concentrations of atrazine on clutch size of F1 frogs. There were also no eﬀects on
hatching success or time to metamorphosis. Sex ratios did not diﬀer between F2 oﬀspring among treatments. There was no evidence to
suggest a transgenerational eﬀect of atrazine on spawning success or reproductive development of X. laevis. This is consistent with the
presence of robust populations of X. laevis in areas where they are exposed to atrazine that has been used for several decades for weed
control in production of corn. Our observations also are consistent with the results of most other studies of frogs where no eﬀects were
found to be associated with exposure to atrazine. Our data do not support the hypothesis that atrazine signiﬁcantly aﬀects reproductive
ﬁtness and development of frogs.
  2007 Elsevier Ltd. All rights reserved.
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1. Introduction
The potential eﬀects of atrazine (CAS # 1912-24-9) on
organisms in freshwater aquatic systems have been exten-
sively reviewed (Solomon et al., 1996; Giddings et al.,
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doi:10.1016/j.chemosphere.2007.09.051
* Corresponding author. Tel.: +11 27 18 299 2372; fax: +11 27 18 299
2370.
E-mail address: Louis.DuPreez@nwu.ac.za (L.H. Du Preez).
www.elsevier.com/locate/chemosphere
Available online at www.sciencedirect.com
Chemosphere 71 (2008) 546–552Author's personal copy
2005). Although some of the measurement endpoints used
in these assessments, such as those in full life cycle studies
on several species of ﬁsh and those in microcosms, include
the aggregate responses of many possible mechanisms of
action, these have not speciﬁcally characterized reproduc-
tion, the endocrine system, or development as possible tar-
gets for atrazine. These reviews noted the lack of data on
some non-target terrestrial, aquatic, and semi-aquatic spe-
cies such as reptiles and amphibians, especially for the
newly identiﬁed sublethal endpoints related to development
and reproduction (Solomon et al., 1996; Giddings et al.,
2005).
A number of studies have been conducted in which the
potential eﬀects of atrazine on semi-aquatic species have
been reported (see Solomon et al., 2005), including several
laboratory studies investigating eﬀects of atrazine on repro-
ductive development in frogs. Some studies have reported
that atrazine exposure during larval development results
in the formation of hermaphroditic gonads and unpigment-
ed ovaries at concentrations as small as 0.1 lg atrazine/l
(Hayes et al., 2006) whereas others have found no eﬀects
on sex ratio or the incidence of testicular ovarian follicles
(TOFs, the more correct term for testicular oocytes – see
Hecker et al., 2006 for a review of the terminology) in Afri-
can clawed frogs (Xenopus laevis)( Coady et al., 2004) and
Green frogs (Rana clamitans)( Coady et al., 2005)o r
observed sexually ambiguous gonads only at greater con-
centrations (25 lg/l) of atrazine (Carr et al., 2003). The
eﬀects of atrazine on gonadal and kidney development in
male and female X. laevis tadpoles were reported in a thesis
and two published papers (Tavera-Mendoza, 2001; Tavera-
Mendoza et al., 2002a,b). Unfortunately, the data in the
published papers and in the thesis are inconsistent. The
ﬁndings published in the literature were diﬀerent than those
in the thesis, from which the data presumably came and
could not be repeated in a second study (Tavera-Mendoza,
2001). For these reasons, these data can not be interpreted
as a reliable ﬁnding. A study by Hayes et al. (2002) was the
ﬁrst to report that atrazine concentrations, ranging from
0.1 to 200 lg atrazine/l produced gonadal abnormalities
in developing X. laevis exposed from hatching until com-
pletion of metamorphosis. These authors reported that
16–20% of the exposed animals had multiple gonads or
were ‘hermaphrodites’ with multiple testes and ovaries.
There was no apparent association between atrazine con-
centration and the incidence of hermaphroditism or single
sex polygonadism (Hayes, 2004). In a laboratory study,
Hayes et al. (2003) exposed larval R. pipiens to 0.1 lg atra-
zine/l or 25 lg atrazine/l throughout larval development.
They reported the presence of TOFs in males from the
0.1 and 25 lg atrazine/l treatment groups but not in the
controls, although two control animals with oocytes asso-
ciated with the testis were eliminated from the analysis
(Hayes et al., 2003, p. 570).
Few studies have examined the eﬀects of atrazine on
frog development under natural conditions. A study by
Hayes et al. (2003) reported that only frogs collected from
sites with measurable atrazine concentrations developed
TOFs and these were similar to those observed in frogs
exposed under laboratory conditions to atrazine during
their larval development. However, concentrations of atra-
zine were only measured in ﬁeld water samples taken at the
time of frog collection and there was no knowledge of atra-
zine concentrations that the frogs may have been exposed
to prior to their collection – when they were undergoing
gonadal diﬀerentiation. Furthermore, the eﬀect was not
observed in subsequent years (Hayes, 2005), even though
adult frogs were present. This suggests that the eﬀects, if
related to atrazine at all, were transient. Studies in wild
populations of X. laevis in areas of corn production and
atrazine use (exposures from 0 to 9.3 lg/l) and in reference
areas in South Africa revealed no eﬀects on sex ratios of
adults or metamorphs in relation to atrazine use (Du Preez
et al., 2005a,b). In the same X. laevis populations, no diﬀer-
ences in the absolute or relative numbers of testicular cell
types were observed in X. laevis from corn and non-corn
growing areas in South Africa (Smith et al., 2005). In
studies on X. laevis larvae exposed to atrazine at concentra-
tions up to 30 lg/l in outdoor microcosms, no eﬀects on sex
ratio were observed in stage 66 metamorphs (Jooste et al.,
2005).
Despite equivocal results from laboratory and ﬁeld stud-
ies, there are at present no published studies on the poten-
tial eﬀects of atrazine on reproductive and oﬀspring
success. To assess the potential trans-generational eﬀects
(eﬀects on F2 individuals due to exposure of F1 individu-
als) of atrazine on sexual development and reproduction,
a multigenerational study was conducted in X. laevis. The
study was a continuation of an earlier study where larvae
were exposed to atrazine through to Nieuwkoop-Faber
stage 66 in microcosms, the results of which were reported
previously (Jooste et al., 2005). Speciﬁcally, various breed-
ing crosses were conducted with frogs exposed to various
concentrations of atrazine throughout their lives and eﬀects
on the numbers of eggs released, hatching success, and
subsequent development of the F2 individuals was
determined.
2. Methods and materials
2.1. Experimental design
Juvenile X. laevis that had been exposed throughout lar-
val development in microcosms to nominal concentrations
of 0, 1, 10 and 25 lg/l atrazine (Jooste et al., 2005) were
used. The frogs were removed from the microcosm ponds
upon completion of metamorphosis and individuals were
freeze-branded with a number corresponding to the num-
ber of the microcosm pond in which they had been exposed
to atrazine. Seventy-ﬁve frogs per atrazine concentration
were randomly selected from each subset and transferred
to 2,500 L tanks in a wet laboratory where they were con-
tinued to be exposed to the same concentrations of atrazine
(in dechlorinated tap water) as in the microcosms from
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which they originated. Photoperiod was from outdoor
light. After the colder winter months, frogs were moved
to 2,500 L outdoor pools containing atrazine at 0, 1, 10,
and 25 lg/l, respectively. Frogs were fed three times a week
on sinking Xenopus pellets (Avi Products, Durban RSA,
based on the nutritional formula of the NASCO Xenopus
frog brittle) and each container received 150 ml of pellets.
All procedures involving X. laevis were approved by the
Animal Care and Use Committee of the Northwest Univer-
sity (Ethical Clearance 03D14).
2.1.1. Treatments
A stock atrazine solution was prepared by dissolving
100 mg of technical active ingredient (CAS # 1912-24-9)
in 1.0 L of analytical grade methanol as recommended
for the FETAX assay (Interagency Coordinating Commit-
tee on Validation of Alternative Methods, 2000). This
stock was diluted with water to achieve the required nom-
inal concentrations and the total water volume was
replaced with a fresh treatment solution on a monthly
basis. Maximum concentration of methanol was 0.25 ml/
l. In previous work using the same water sources and expo-
sure conditions (Jooste et al., 2005), atrazine was shown to
be relatively persistent with small concentration changes
related to evaporation and rainfall over the 80-day expo-
sure period. Concentrations of atrazine in the treatment
solutions used in this component of the study were veriﬁed
on four occasions using the analytical methods described
previously (Du Preez et al., 2005b; Jooste et al., 2005).
Mean concentrations (±SE) were 1.10 ± 0.11,
10.4 ± 0.29, and 24.8 ± 0.16 for the nominal 1, 10, and
25 lg atrazine/l exposures, respectively and <0.1 for the
unexposed reference frogs.
2.1.2. Development and breeding
To allow easier observation of their development, after
one year, frogs were transferred to 30 l glass aquaria where
they were exposed to the same concentrations of atrazine.
Stocking density was six frogs per tank. To ensure that they
were all sexually mature, F1 frogs were allowed to grow in
the respective atrazine solutions for a total of 2 yr. Mature
males and females that had been reared in each concentra-
tion of atrazine were randomly selected for crossbreeding
to assess reproductive success. In one set of crosses, a male
from each treatment group was bred with a female from
the reference group. In another cross, a male from the
25 lg atrazine/l group was bred with a female from the
25 lg atrazine/l group. Each combination was repeated
with four pairs of frogs (Fig. 1). Spawning (in dechlorinat-
ed tap water) was induced by injecting the frogs with cho-
rionic gonadotropin (Pregnyl, Donmed Pharmaceuticals
(Pty) Ltd, Bedfordview, RSA) as described previously
(Jooste et al., 2005). The ﬁrst attempt at cross-breeding
in November 2004 failed as the majority of the females
released their eggs before the males were added to the
spawning tanks. The breeding study was repeated in
December with additional F1 frogs.
2.1.3. F2 generation
Clutch size was determined by counting total number
of eggs released by individual female frogs. Eggs were
counted manually while syphoning them from a white tray
(600 · 400 mm) into a second container. Hatching success
within each clutch was determined by counting the num-
ber of three-day-old tadpoles in a shallow white tray
(600 · 400 mm) containing water to a depth of 2 cm. This
was done from 11 M pixel photographs (Nikon Coolpix
540 digital camera) imported into PowerPoint and over-
laid with a 15 · 12 grid to aid in counting. Subsets of 50
tadpoles were randomly selected from each pairing (200
larvae total) and grown out to stage 66 in 30 L glass aqua-
ria containing 25 L of constantly aerated FETAX medium
(Dawson and Bantle, 1987) only (no atrazine exposure).
Tadpoles were maintained in FETAX medium and fed
every second day with Xenopus pellets that were soaked
in water and then blended in a food processor. Tanks were
cleaned 24 h after feeding. Larvae were checked daily to
identify developing metamorphs. Tadpoles were counted
weekly to determine survival.
2.1.4. Metamorphs
As tadpoles completed metamorphosis (Nieuwkoop-
Faber stage 66), they were removed from the tanks, anes-
thetized using a 0.1% solution of 3-amino benzoic acid
ethyl ester (MS 222), and body-mass measured using a Sar-
torius BP210S scale (0.0001 g accuracy). A small incision
was made in the abdomen of each animal to allow penetra-
tion of the ﬁxative and a tag with the date and identiﬁca-
tion number was attached to the right hind leg of the
frog. Specimens were ﬁxed in Bouin’s for 48 h, rinsed in
water, and then transferred to 70% ethanol. All the frogs
were then dissected to expose the gonads for gross mor-
phology. Gonadal phenotype was identiﬁed for each frog
and the gonads digitally photographed using a Nikon
Coolpix 900 digital camera ﬁtted on a Nikon SMX1500
dissecting microscope, measured, and examined externally.
Gonads of a randomly selected subset of 40 F2 frogs from
each breeding cross were removed for histological
examination.
Fig. 1. Illustration of the experimental design and cross breeding.
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2.1.5. Morphology and histology
Preserved testicular tissue was dehydrated in graded
alcohols, embedded in paraﬃn wax, and serially sectioned
longitudinally at 7 lm thickness using a Reichert Jung 2050
microtome (Jooste et al., 2005). Sections were stained with
Harris haematoxylin and eosin and permanently mounted
in DPX mounting medium (Saarchem Pty Ltd., Krugers-
dorp, South Africa). Sections were examined using Nikon
Alphaphot compound microscopes and number of TOFs
(Hecker et al., 2006) enumerated.
F1 male frogs used in cross breeding experiments were
anesthetized with MS222, weighed, measured, examined
externally. After a low-power inspection and photography
of gonads using a Nikon Coolpix digital camera attached
to a Nikon SMZ1500 dissecting microscope, one testis
was ﬁxed in Bouins for serial sectioning as above and his-
tological examination as above. Statistics were conducted
using SigmaStat (SPSS Science, 2004).
3. Results
3.1. Reproduction and hatching
Although females were randomly selected, size of
females in the various parings diﬀered and this resulted in
large diﬀerences in number of eggs released. For example,
one female in the Reference–Reference (0–0) group
released 6717 eggs. Mean clutch size for the 0–0 group
was 4165. Because, in general, clutch size was proportional
to body mass (Fig. 2), the number of eggs released was cor-
rected for the mass of the females (Fig. 3a). There were no
signiﬁcant diﬀerences in the number of eggs released per g
of F1 body weight between groups (p = 0.054, ANOVA)
and there was no indication of a concentration response,
apart from the greater number of eggs released in the 0–0
crossing.
Hatching (Fig. 3b) varied within groups with no correla-
tion between breeding combinations and hatching success.
For example, hatching success varied from 36% to 96% in
the 0–0 and 23–99% in the 25–0 combination. No concen-
tration-response was observed. Time for the ﬁrst larvae to
reach NF stage 66 was similar across all groups (Fig. 3c) as
was the time for the last larva to reach NF stage 66
(Fig. 3d). No concentration-response was observed. These
values were less than those observed for the F1 metamor-
phs in microcosms (70 d to ﬁrst NF stage 66 metamorph).
This was possibly because of the lower temperatures of the
outdoor microcosms (Jooste et al., 2005).
Percent survival of the F2 larvae was similar in all pair-
ings, except for the 1–0 pairing (Fig. 4a), which exhibited
signiﬁcantly less survival (ANOVA p value = 0.002), but
no concentration-response was observed. For all the
Fig. 2. Relationship between mass of F1 female frogs and number of eggs
released.
Fig. 3. a. Mass-corrected number of eggs released per F1 female.
b. Percent hatch of F2 eggs. c. Days to reach stage 66 of the ﬁrst F2
larva. d. Days to reach stage 66 of the last F2 larva. N = 4 pairs per
treatment.
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groups except the 25–0 pairings, there were slightly more
females than males (Fig. 4b).
Analysis of variance (AVOVA) of the median values for
mass and snout-vent length (SVL) for progeny of each of
the four frogs in the pairings gave p-values of 0.395 and
0.166 for mass and SVL, respectively, indicating no signif-
icant diﬀerences in weight or SVL of the F2 frogs. Based on
the median values (Fig. 5), there appeared to be a concen-
tration-related decrease in mass from male exposures to 1,
10, and 25 lg atrazine/l, however, the mass and SVL of the
F2 frogs from the pairings where both the male and female
frogs were exposed to 25 lg/l were similar to the reference
pairings. Linear regression of the exposure concentrations
for the pairs and the median mass and SVL of the F2 frogs
gave r
2s of 0.107 and 0.16, respectively, suggesting no sig-
niﬁcant trend.
3.2. Testicular morphology and testicular ovarian follicles in
F2 males
The only morphological anomalies observed in the testes
of the F2 frogs were the presence of segmented testes (see
Hecker et al., 2006) and the complete absence of one of
the testes. Segmented testes were observed in two of 76
males (2.6%) from the 0–0 combination, one of 74 males
(1.4%) of the 1–0 combination, one of 94 (1%) of the 10–
0 combination, and zero of 91 and 110 (0%) of the 25–0
and 25–25 pairings, respectively. Single testes were
observed in two (2.6%) of the 0–0 pairing, one (1.4%) of
the 1–0, one (1%) of the 10–0 combination and zero (0%)
of the 25–0 and 25–25 combinations, respectively.
A low frequency of TOFs was observed for all combina-
tions of pairings with considerable variability among pair-
ings (Fig 6a). The incidence of TOFs in F2 frogs ranged
from 5% to 15%. There was no indication of a concentra-
tion-response relationship in either the frequency of frogs
with TOFs (Fig. 6a) or the number of oocytes per frog
(Fig. 6b). There was no signiﬁcant diﬀerence between treat-
ments in the number TOFs per testis in the F2 frogs (Krus-
kal-Wallis One Way Analysis of Variance on Ranks,
p = 0.071).
3.3. Testicular Morphology and Testicular Ovarian Follicles
in F1 Males
Histological screening of the testes of the F1 adults after
breeding, revealed only one TOF, in one of the 25-R F1
males. Earlier observations in the 10-month old F1 males
showed a greater incidence of TOFs (Jooste et al., 2005)
than observed in the 2 yr old F1 males.
4. Discussion and conclusions
Exposure of X. laevis to nominal concentrations of atra-
zine of 1, 10, and 25 lg atrazine/l from age 96 h to 2 yrs
had no eﬀect on reproduction in the F1 generation and a
number of indicators of reproductive success in the F2 lar-
vae. There were no indications of responses to concentra-
tion of atrazine in terms of the development of the F1
Fig. 4. a. Survival of F2 larvae at stage 66. b. Percent males. Percent
survival based on N = 200, sex-ratio on number of survivors.
Fig. 5. a. Mass of F2 larvae at stage 66. b. Snout-Vent Length (SVL) of
F2 larvae at stage 66. As data were not normally distributed, median,
centiles, and outliers are show in a box-plot format. Data are the
combined values for all the F2 progeny from the four pairs of adults and
N ranged from 140 to 174.
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frogs through to the juvenile stage (Jooste et al., 2005)o ri n
the reproduction of the F1 adults. Likewise, there was no
concentration response between atrazine exposures and
hatchability, time to metamorphosis or body size at meta-
morphosis as determined by body mass and snout-vent
length, suggesting that the oﬀspring of atrazine exposed
frogs are not at a developmental disadvantage (Wilbur
and Collins, 1973). This is also consistent with the presence
of robust population of frogs in association with atrazine
use and crop production (Hayes et al., 2003; Knutson
et al., 2004; Du Preez et al., 2005b).
The incidence of TOFs in F2 frogs and the number of
TOFs per testis were both less than those observed in a
sub-sample of the F1 generation metamorphs (Jooste
et al., 2005). The F2 larvae in this study were raised under
laboratory conditions with aeration, regular replacement of
FETAX medium, and abundant food. The F1 larvae were
raised to metamorphs in microcosms under semi-ﬁeld con-
ditions where they were exposed to greater variation in
temperature, experienced changes in oxygen concentration,
and may have experienced more competition for food
resources. These additional stressors under ﬁeld conditions
may have inﬂuenced the incidence and frequency of TOFs.
Histological screening of the testes of the adults after
breeding revealed that only one F1 frog (from the 25–0
pairings) had a testis containing a single TOF. None of
the other frogs sampled contained TOFs. Although the
number of adults screened was small (4) this is consistent
with regression of the follicles (see deﬁnition in Hecker
et al., 2006) over time as was suggested in observations
of the F1 generation (Jooste et al., 2005).
There were no exposure-related trends in the incidence
of F2 frogs with TOFs and the number of TOFs in these
frogs. This observation is consistent with many other labo-
ratory and ﬁeld studies in X. laevis (Coady et al., 2005; Du
Preez et al., 2005b; Hecker et al., 2004,2005a,b; Smith
et al., 2005) and other frogs (Coady et al., 2004; Reeder
et al., 2005). There was no evidence to suggest any trans-
generational eﬀects of atrazine on spawning success or
reproductive development of X. laevis. This is consistent
with the presence of robust populations of X. laevis in areas
where exposures to atrazine have been observed (Du Preez
et al., 2005b) and where it has been used in corn production
for several decades.
Considering the results of this study, as well as a large
majority of other studies that have not observed eﬀects of
atrazine on a number of reproductive endpoints in X. laevis
and other frogs (see above references), there is little evi-
dence to support the theory that exposure to environmen-
tally relevant concentrations of atrazine adversely aﬀects
reproduction and reproductive development in X. laevis.
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